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(54) Multi-channel integrating sphere 


(57) An integrating sphere, and an integrating 
sphere-based reflectance colorimeter/spectrophotome- 
ter for the measurement of color and appearance, hav- 
ing multiple receivers capable of concurrently receiving 
optical radiation scattered/reflected from a diffusely illu- 
minated sample surface, with the capability of multiple 
measurement modes (e.g., multiple specular compo- 
nent excluded (SCE), SCE and specular component in- 
cluded (SCI), multiple SCI), multiple areas-of-view for d 
given measurement mode, multiple viewing angles per 
measurement mode, and combinations thereof. An em- 


bodiment of the invention includes two SCI receivers 
find two SCE receivers, each disposed at an equal view- 
ing angle relative to the sample surface. For each view- 
mq mode, two sample areas-of-view are provided. The 
SCF. receivers are opposite each other, such that the 
specular component of each SCE receiver is excluded 
by mo port of the other SCE receiver The receivers pro- 
vide the collected light reflected from the sample to a 
detector which preferably is provided by multiple spec- 
trometers or a single spectrometer having multichannel 
capability to preferably sense the light from each receiv- 
er \ r ' parallel 
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Description 
TECHNICAL FIELD 

[0001] This invention relates generally to integrating 
spheres and, more particularly, to an integrating sphere 
with multiple ports lor concurrently receiving light direct- 
ly reflected from a sample under test. 

BACKGROUND OF THE INVENTION 

[0002] The use of integrating spheres for the optical 
measurement geometry in reflectance colorimetry is a 
standard practice, and is described in the Commission 
Internationale De L'Eclairage (CIE) Publication Number 
15.2 (Colorimetry), 1966, the disclosure of which is in- 
corporated by reference herein An integrating sphere 
is an apparatus with an interior cavity (typically spheri- 
cal) having a highly reflective, optically diffuse white sur- 
face. The simplest integrating sphere design contains 
two apertures, one which admits light and another which 
serves as a measurement port where the amount of light 
on the surface of the sphere can be measured. An inte- 
grating sphere has the property that at any point on the 
inner surface of the sphere the illumination is essentially 
independent of the direction and location of the incident 
beam as well as the size of the beam; the inner surface 
is uniformly illuminated throughout, except at the point 
of direct illumination. Integrating spheres are used in 
colorimetry for the precise determination of color for a 
sample under test. 

[0003] A common practice in colorimetry is to meas- 
ure a sample with the specular component of reflection 
(mirror-like reflection from the surface) either included 
(SCI mode) or excluded (SCE mode). Other aspects of 
measurement may include selection of the size of the 
measured sample surface, spectral content of the illu- 
mination, and angle of receiver beam with respect to the 
sample normal. Instruments designed for colorimetry 
traditionally measure the sample one configuration at a 
time (e g. SCI or SCE mode with a single size of meas- 
ured area), usually requiring a change of configuration 
or another instrument to select another mode combina- 
tion. For example, most integrating-sphore colorimeters 
are capable of measuring the sample with the specular 
component either included or excluded. Changing be- 
tween SCI and SCE modes is usually achieved by the 
use of a movable segment of the integrating sphere 
which removes the specular component for SCE meas- 
urements or includes the specular component for SCI 
measurements. In such an instrument, the included/ex- 
cluded option requires separate measurements with a 
time between to move the segment and mechanical 
means to do so 

[0004] Many instruments are capable of selecting the 
size of the area of the sample surface to be measured. 
Size selection is usually done with a "zoom" optical sys- 
tem or movable lenses/apertures. In such instruments, 


changing the size of the measurement area requires 
separate measurements with a time between to move 
the lens and mechanical means to do so. 
[0005] Many instruments use a second optical path 

s as a reference measurement to normalize/compensate 
for changes in the illumination. Such common practice 
is generally referred to as "dual beam" optics. For the 
purposes of the discussion herein, such a reference 
path is not considered a "measurement" path, and is not 

io part of the "multi-channel" principle 

[0006] There are some colorimetry instruments with 
multiple measurement paths currently available One 
known example measures the sample SCI and SCE si- 
multaneously with two measurement paths. The instru- 
ment is described in U S. Patent Number 5,369,481 
("the '481 patent"), the disclosure of which is incorporat- 
ed by reference herein. The primary path measures the 
sample in SCI mode at multiple wavelengths. The sec- 
ondary path measures the sample in SCE mode at one 

20 wavelength, and the remaining wavelengths are calcu- 
lated based on the SCI value at the common wavelength 
and theoretical knowledge of the wavelength depend- 
ence of the specular reflection of the sample. The '481 
patent constrains the simultaneous SCE and SCI paths 

25 (presumably measuring the same sample area-of-view 
size) to being "opposite" each other relative to the sam- 
ple axis normal, and describes only this arrangement of 
an SCI and SCE port, the number of measurement 
paths limited to just these two plus the conventional ref- 

30 erence path 

[0007] Other instruments are equipped with multiple 
measuring "paths" which measure the color of the sam- 
ple in one measurement path and measure a different 
parameter of the sample's appearance, such as gloss, 

35 with a second measurement system. An example in- 
cludes the Color and Appearance Technology, Inc. 
SPECTRO/plus® Spectrophotometer, the disclosure of 
the product brochure for which is incorporated by refer- 
ence herein. The instrument provides a separate meas- 

40 urement system for the gloss; this separate measure- 
ment path does not measure the "color" of the sample 
and has a unique geometry specific to gloss measure- 
ment standards, such as ASTM D523, published by the 
American Society for Testing and Materials (ASTM) of 

45 Philadelphia, PA, the disclosure of which is also incor- 
porated by reference herein. Therefore, the SPECTRO/ 
plus® only has one color measurement path 
[0008] There remains a need, therefore, forfurther im- 
provements in integrating spheres, and particularly, for 

50 an integrating sphere which is capable of measuring 
multiple parameters, such as various specular compo- 
nent modes and/or areas-of-view per specular compo- 
nent mode without the need for succesive measure- 
ments and/or reconfiguration. 

55 

SUMMARY OF THE INVENTION 

[0009] The present invention overcomes the above, 
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and other, limitations of the prior art and the background 
art by providing an integrating sphere having multiple 
receivers capable of concurrently receiving optical radi- 
ation scattered/ reflected from a diffusely illuminated 
sample surface, with the capability of multiple measure- 
ment modes (e.g., multiple SCE ; SCE and SCI, multiple 
SCI), multiple areas-of-view tor a given measurement 
mode, multiple viewing angles per measurement mode, 
and combinations thereof 

[0010] In accordance with a first aspect of the present 
invention, there is provided an integrating sphere, which 
comprises a housing member having a cavity with an 
optically diffuse and highly reflective inner surface, the 
housing member including a sample port where a sam- 
ple is placed. An optical radiation source provides opti- 
cal radiation directed toward the inner surface to diffuse- 
ly illuminate the sample port. A first port is disposed in 
the housing member and directed toward the sample 
port along a first line extending at a first angle relative 
to a first normal to the sample at the intersection of the 
first line and the sample surface to receive optical radi- 
ation scattered from the sample. A second port is dis- 
posed in the housing member and directed toward the 
sample port along a second line extending at a second 
angle relative to a second normal to the sample at the 
intersection of the second line and the sample surface 
to receive optical radiation scattered from the sample 
concurrently with the reception by the first receiver of 
optical radiation scattered from the sample surface 
Each each of the first and second ports either is (i) an 
SCI port which receives optical radiation, including a 
specular component, reflected from the sample port 
along the corresponding first or second line, or is (ii) an 
SCE port which receives optical radiation reflected from 
the sample port exclusive of specular component, the 
first port and the second port respectively selected from 
the group consisting of: an SCI port and an SCE port 
located in non-opposite relationship to each other; a first 
SCE port and a second SCE port located in opposite 
relationship to each other; a first SCE port and a second 
SCE port located in non-opposite relationship to each 
other; and a first SCI port and a second SCI port located 
in non-opposite relationship to each other. 
[0011] Preferably ; the first and second ports are not 
limited to being either non-opposite each other or oppo- 
site each other, and the first and the second port may 
be respectively selected from the group consisting of; 
an SCI port and an SCE port located in non-opposite 
relationship to each other; an SCI port and an SCE port 
azimuthally displaced by an angle not equal to about pi 
radians, the SCI port located opposite to said SCE port; 
an SCI port and an SCE port azimuthally displaced by 
an angle equal to about pi radians, the SCI port located 
opposite to said SCE port, said first angle not equal to 
said second angle; an SCI port and an SCE port azi- 
muthally displaced by an angle equal to about pi radi- 
ans, the SCI port located opposite to said SCE port, said 
SCI port and said SCE port viewing respective non- 


overlapping regions of said sample; a first SCE port and 
a second SCE port located opposite to said first SCE 
port; a first SCE port and a second SCE port located in 
non-opposite relationship to each other; and a first SCI 
s port and a second SCI port located in non-opposite re- 
lationship to each other. 

[0012] Preferably, multiple measurement paths (i.e., 
receivers) are used to provide multiple areas of view and 
specular component included/excluded modes using an 

to integrating sphere-based reflectance colonmeter/spec- 
trophotometer for the measurement of color and ap- 
pearance Measurement paths are provided by the fit- 
ting of multiple optical receivers to a common integrating 
sphere, each with its respective viewing port (aperture) 

*5 in the integrating sphere, and preferably with central ax- 
es converging to a common point at the sample (spec- 
imen) port of the integrating sphere Preferably, the 
measurement paths are at a common angle from the 
normal to the sample plane {often 6° for colorimetry) at 

20 the sample port; the paths can be displaced around the 
azimuth of the sample-normal axis to separate them, or 
the receiver paths may be coaxial, or a combination of 
both. The integrating sphere may be illuminated by a 
white light source introduced through an additional input 

25 port, or, alternatively, the light source may be substan- 
tially internal to the integrating sphere. The integrating 
sphere is used in a conventional way to diffuse the light 
to provide uniform illumination of the sample. The re- 
ceiver optics collect the light reflected from the sample 

30 at predetermined angles from normal and conduct the 
light to preferably parallel detection means, such as mul- 
tiple spectrometers or a single spectrometer having mul- 
tichannel capability. 

[0013] According to the first aspect of the invention, 
35 the first and second lines preferably intersect the sample 
surface at a common point. 

[0014] Preferably the first and second angles are 
equal. 

[0015] Preferably, the first and second ports respec- 
4 o lively are said SCI port and said SCE port located in non- 
opposite relationship to each other, wherein said hous- 
ing includes a second SCI port disposed opposite to said 
SCE port. 

[001 6] In one embodiment, the first and second ports 
45 respectively are said SCI port and SCE port located in 
non-opposite relationship to each other, wherein said 
housing includes an additional SCE port disposed op- 
posite to said SCE port and directed at said sample port 
along a third line extending at a third angle relative to a 
50 third normal tothe sample at the intersection of said third 
line and the sample surface. 

[0017] In another embodiment, the first and second 
ports respectively are said first SCE port and said sec- 
ond SCE port located in opposite relationship to each 
55 other, wherein said first and second SCE ports view dif- 
ferent sized area-of-views of said sample. 
[001 8] Preferably, in yet another embodiment, the first 
and second ports respectively are said first SCE port 
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and said second SCE port located in opposite relation- 
ship relative to each other, wherein said housing in- 
cludes an SCI port directed toward said sample port 
along a third line extending at a third angle relative to a 
third normal to the sample at the intersection of said third 
line and the sample surface. 

[0019] Preferably, the housing includes an additional 
SCI port non-oppositely disposed to said SCI port and 
directed toward said sample port along a fourth line ex- 
tending at a fourth angle relative to a fourth norma! to 
the sample at the intersection of said fourth line and the 
sample surface, each of said angles preferably being 
equal. 

[0020] The respective lines along which each of said 
first and second SCE ports and said SCI and additional 
SCI ports are directed toward said sample preferably all 
intersect the sample at a common point. 
[0021] In one embodiment, the first and second ports 
respectively are said first SCE port and said second 
SCE port located in opposite relationship to each other, 
wherein said housing includes a third SCE port directed 
at said sample along a third line extending at a third an- 
gle relative to a third normal to the sample at the inter- 
section of said third line and the sample surface to re- 
ceive optical radiation reflected from said sample. 
[0022] Preferably, said third angle is unequal to said 
first and second angles which are equal to each other. 
[0023] In another embodiment, said first and second 
ports respectively are said first SCE port and said sec- 
ond SCE port located in non-opposite relationship rela- 
tive to each other, wherein said housing includes an SCI 
port. 

[0024] In an alternative embodiment, said first and 
second ports respectively are said first SCI port and said 
second SCI port located in non-opposite relationship to 
each other, wherein said first and second receivers view 
different sized area-of-views of said sample. 
[0025] In yet another embodiment, said first and sec- 
ond ports respectively are said first SCI port and said 
second SCI port located in non-opposite relationship rel- 
ative to each other, wherein said first and second angles 
are not equal. 

[0026] In another embodiment, said first and second 
ports respectively are said first SCI port and said second 
SCI port located in non-opposite relationship relative to 
each other, wherein said housing includes an SCE port 
directed at said sample along a third line extending at a 
third angle relative to a third normal to the sample at the 
intersection of said third line and the sample surface to 
receive optical radiation reflected from said sample 
[0027] Preferably, said optical radiation source is sub- 
stantially external to said cavity, and wherein said hous- 
ing includes an aperture through which optical radiation 
from said optical radiation source is coupled into said 
cavity, 

[0028] A baffle preferably blocks optical radiation from 
said optical radiation source from directly impinging on 
the region of said sample port viewed by said first and 


second ports. 

[0029] The first and second ports each preferably 

have an associated optical receiver. 

[0030] The housing optionally includes a reference 

5 aperture directed at said inner surface to receive optical 
radiation diffusely reflected thereby independent of op- 
tical radiation directly from said sample port. 
[0031] The first and second ports are preferably opti- 
cally coupled to respective inputs ol a spectrophotome- 
ter ter which concurrently detects the optical radiation re- 
ceived by said first and second ports 
[0032] Preferably, at least one of said first and second 
ports includes coaxial receivers. 
[0033] According to a second aspect of the invention, 

15 there is provided a spectrometer apparatus, comprising 
an integrating sphere having a cavity with an optically 
diffuse and highly reflective inner surface, said integrat- 
ing sphere including a sample port where a sample is 
placed, an optical radiation source which provides opti- 

20 cal radiation directed toward said inner surface to dif- 
fusely illuminate said sample port, a first port disposed 
in said integrating sphere and directed toward said sam- 
ple port along atirst line extending at a first angle relative 
to a first normal to the sample at the intersection of said 

25 first line and the sample surface to receive optical radi- 
ation reflected from said sample, a second port dis- 
posed in said integrating sphere and directed toward 
said sample port along a second line extending at a sec- 
ond angle relative to a second normal to the sample at 

30 the intersection of said second line and the sample sur- 
face to receive optical radiation reflected from said sam- 
ple concurrently with the reception by said first receiver 
of optical radiation reflected from said sample surface, 
a detector optically coupled to said first and second ap- 

35 ertures to sense the optical radiation received by the first 
and second apertures, a processor coupled to said de- 
tector, and which analyses electrical signals represent- 
ing the optical radiation sensed by said detector and 
wherein each of said first and second ports either is (I) 

40 an SCI port which receives optical radiation, including a 
specular component, reflected from said sample port 
along the corresponding said first or second line, or is 
(ii) an SCE port which receives optical radiation reflect- 
ed from said sample port exclusive of specular compo- 

45 nent, said first port and said second port respectively 
selected from the group consisting of: an SCI port and 
an SCE port located in non-opposite relationship to each 
other, a first SCE port and a second SCE port located 
in opposite relationship to each other, a first SCE port 

50 and a second SCE port located in non-opposite relation- 
ship to each other, and a first SCI port and a second SCI 
port located in non-opposite relationship to each other 
[0034] The detector preferably includes respective 
photosensitive areas to sense optical radiation received 

55 by said first and second ports, 

[0035] Preferably, the detector is a two-dimensional 
array detector. 

[0036] The detector is preferably capable of simulta- 
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neously sensing optical radiation received by said first 
and second ports. 

[0037] Preferably, said first and second ports respec- 
tively are said first SCE port and said second SCE port 
located in opposite relationship relative lo each other, 
wherein said housing includes an SCI port directed to- 
ward said sample port along a third line extending at a 
third angle relative to a third normal to the sample at the 
intersection of said third line and the sample surface. 
[0038] The housing preferably includes an additional 
SCI port non-oppositely disposed to said SCI port and 
directed toward said sample port along a fourth line ex- 
tending at a fourth angle relative to a fourth normal to 
the sample at the intersection of said fourth line and the 
sample surface, 

[0039] The respective lines along which each of said 
first and second SCE ports and said SCI and additional 
SCI ports are directed toward said sample preferably all 
intersect the sample at a common point, each of said 
angles optionally being equal 

[0040] Preferably, said first SCE port and said second 
SCE port view different sized area-of -views of said sam- 
ple from each other, and wherein said SCI port and said 
additional SCI port view different sized area-of-views of 
said sample from each other. 

[0041] Preferably at least one of said first and second 
ports includes coaxial receivers. 
[0042] According to a third aspect of the invention, 
there is provided an integrating sphere, comprising a 
housing member having a cavity with an optically diffuse 
and highly reflective inner surface, said housing mem- 
ber including a sample port where a sample is placed, 
means for diffusely illuminating said sample port first 
means for receiving optical radiation reflected from said 
sample along a first line extending at a first angle relative 
to a first normal to the sample at the intersection of said 
first line and the sample surface, second means for re- 
ceiving, concurrently with the reception of optical radia- 
tion by said first means, optical radiation reflected from 
said sample along a second line extending at a second 
angle relative to a second normal to the sample at the 
intersection of said second line and the sample surface, 
and wherein each of said first and second means either 
is (I) an SCI receiving means which receives optical ra- 
diation, including a specular component, reflected from 
said sample port along the corresponding said first or 
second line, or is (ii) an SCE receiving means which re- 
ceives optical radiation reflected from said sample port 
exclusive of specular component, said first means and 
said second means respectively selected from the 
group consisting of: an SCI receiving means and an 
SCE receiving means located in non-opposite relation- 
ship to each other, a first SCE receiving means and a 
second SCE receiving means located in opposite rela- 
tionship to each other, a first SCE receiving means and 
a second SCE receiving means located in non-opposite 
relationship to each other, and a first SCI receiving 
means and a second SCi receiving means located in 


non-opposite relationship to each other. 
[0043] According to a fourth aspect of the invention 
there is provided an integrating sphere, comprising a 
housing member having a cavity with an optically diffuse 

5 and highly reflective inner surface, said housing mem- 
ber including a sample port where a sample is placed, 
an optical radiation source which provides optical radi- 
ation directed toward said inner surface to diffusely illu- 
minate said sample port, a first port disposed in said 

io housing member and directed toward said sample port 
along a first line extending at a first angle relative to a 
first normal to the sample at the intersection of said first 
line and the sample surface to receive optical radiation 
reflected from said sample a second port disposed in 

75 said housing member and directed toward said sample 
port along a second line extending at a second angle 
relative to a second normal to the sample at the inter- 
section of said second line and the sample surface to 
receive optical radiation reflected from said sample con- 

20 currently with the reception by said first receiver of op- 
tical radiation reflected from said sample surface, and 
wherein each of said first and second ports either is (I) 
an SCI port which receives optical radiation, including a 
specular component, reflected from said sample port 

25 along the corresponding said first or second line, or is 
(ii) an SCE port which receives optical radiation reflect- 
ed from said sample port exclusive of specular compo- 
nent, said first port and said second port respectively 
selected from the group consisting of: and SCI port and 

30 an SCE port located in non-opposite relationship to each 
other, an SCI port and an SCE port located in non-op- 
posrte relationship to each other, an SCI port and an 
SCE port azimuthally displaced by an angle not equal 
to about pi radians, the SCI port located opposite to said 

35 SCE port, an SCI port and an SCE port azimuthally dis- 
placed by an angle equal to about pi radians, the SCI 
port located opposite to said SCE port, said first angle 
not equal to said second angle, an SCI port and an SCE 
port azimuthally displaced by an angle equal to about pi 

40 radians, the SCI port located opposite to said SCE port, 
said SCI port and said SCE port viewing respective non- 
overlapping regions of said sample, a first SCE port and 
a second SCE port located opposite to said first SCE 
port, a first SCE port and a second SCE port located in 

45 non-opposite relationship to each other, and a first SCI 
port and a second SCI port located in non-opposite re- 
lationship to each other 

[0044] According to the fourth aspect, the first and 

second ports are preferably said SCI port and said SCE 
so port azimuthally displaced by an angle not equal to pi 
radians, the SCI port located opposite to said SCE port, 
and wherein said first and second angles are any arbi- 
trary combination of angles, including angles having 
equal values. 

55 [0045] In another embodiment, said first and second 
ports are said first SCE port and said second SCE port 
located opposite to said first SCE port, and wherein said 
first SCE port is opposite to said second SCE port. 
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[0046] In an alternative embodiment, said first and 
second ports are said first SCE port and said second 
SCE port located opposite to said first SCE port, and 
wherein said first and second SCE ports are azimuthally 
displaced by an angle not equal to about pi radians. 
[0047] In yet another embodiment, said first and sec- 
ond ports are said first SCE port and said second SCE 
port located opposite to said first SCE port, and wherein 
said first and second SCE ports are azimuthally dis- 
placed by an angle equal to about pi radians and said 
first angle is not equal to said second angle. 
[0048] In another embodiment, said first and second 
ports are said first SCE port and said second SCE port 
located opposite to said first SCE port, and wherein said 
first and second SCE ports are azimuthally displaced by 
an angle equal to about pi radians, said first and second 
SCE ports viewing respective non-overlapping regions 
of said sample. 

[0049] According to a fifth aspect of the invention, 
there is provided, in a spectrophotometer, a method of 
measuring optical radiation reflected from a sample un- 
der test, the method comprising the steps of: exposing 
a selected surface area of said sample under test to dif- 
fused optical radiation, sensing first optical radiation re- 
flected from said sample along a first line extending at 
a first angle relative to a first normal to the sample at the 
intersection of said first line and the sample surface, 
sensing, concurrently with the step of sensing said first 
optical radiation, second optical radiation reflected from 
said sample along a second line extending at a second 
angle relative to a second normal to the sample at the 
intersection of said second line and the sample surface, 
and wherein each of said first and second optical radi- 
ation either includes a specular component reflected 
from said sample under test along the corresponding 
said first or second line, or excludes any specular com- 
ponents, corresponding to respective ports for including 
or excluding specular optical radiation, respectively des- 
ignated SCI port and SCE port, and selected from the 
group consisting of: an SCI port and an SCE port located 
in non-opposite relationship to each other, a first SCE 
port and a second SCE port located in opposite relation- 
ship to each other, a first SCE port and a second SCE 
port located in non-opposite relationship to each other, 
and a first SCI port and a second SCI port located in 
non -opposite relationship to each other. 
[0050] Additional aspects, features, and advantages 
of the invention will be understood and will become more 
readily apparent when the invention is considered in the 
light of the following description made in conjunction 
with the accompanying drawings, wherein: 

Figure 1A depicts an isometric view, with certain 
features of the receivers exposed for clarity of an 
integrating sphere according to an embodiment of 
the present invention; 

Figure 1 B depicts a plan (top) view, from the receiv- 
er side, of the integrating sphere, also with certain 


features of the receivers spaced away for clarity; 
Figure 1 C is a cross-sectional view of the integrat- 
ing sphere along line IC-IC of Figure 1 B, with certain 
features of the receivers exposed for clarity; 

5 Figure 1 D is a cross-sectional view of the integrat- 
ing sphere along line ID-ID of Figure 1 B, with certain 
features of the receivers exposed for clarity; 
Figure 1E is across-sectional view of the integrating 
sphere along line IE-IE of Figure 1 D; 

io Figure 2A illustrates a schematic cut-away view of 
the integrating sphere of Figures 1 A-1E, with sche- 
matic depictions of ray bundlesforthe receivers and 
associated ports, so that the relationship among the 
viewing beams of a preferred embodiment may be 
visualized; 

FIG. 2B shows a projection onto a plane parallel to 
the sample surface of the receiver viewing ports and 
viewing axes, as depicted in FIG. 2A, so that the 
mutual relationships of the ports and viewing axes 
at the rear (i.e., lop portion away from the sample 
port) of the integrating sphere of FIGS. 1 A-1E may 
be more easily visualized; 

FIG. 3A and FIG. 3B show simplified schematic 
cross-sectional and top views, respectively, of an 
integrating sphere having an SCI port opposing the 
receiver (viewing beam) of an SCE port which does 
not oppose the receiver (viewing beam) of the SCI 
port, in accordance with an illustrative embodiment 
of the present invention; 

FIG. 4A and FIG. 4B show simplified schematic 
cross -sectional and top views, respectively, of an 
integrating sphere having an SCI port opposing the 
receiver (viewing beam) of an SCE port which does 
not oppose the receiver (viewing beam) of the SCI 
port ; in accordance with another illustrative embod- 
iment of the present invention; and 
FIG. 5 schematically shows an implementation of 
an integrating sphere including coaxial receivers 
according to an illustrative embodiment of the 
present invention. In this illustrative embodiment 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0051] The present invention provides an integrating 
sphere which features the capability of multiple meas- 
urement modes (e.g., multiple SCE, SCE and SCI, mul- 
tiple SCI), multiple areas-of-view for a given measure- 
ment mode, multiple viewing angles per measurement 
mode, and combinations thereof, as will be more fully 
appreciated hereinbelow. It is noted that the term inte- 
grating sphere is not intended to limit the interior cavity 
to a spherical shape, but is used, as understood by one 
of ordinary skill in the art, to refer to a class of instru- 
ments used for measuring light reflectance of a test 
sample; different shapes of the interior cavity may be 
implemented. 

[0052] Prior to describing illustrative embodiments of 
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the invention, certain terminology is introduced for pur- 
poses of consistency and clarity ol exposition in describ- 
ing viewing conditions (e.g., spatial/optical location, ori- 
entation, and/or relationship of, between, or among port 
(s), sample, viewing boam(s). etc.) for an integrating s 
sphere which is used in a diffuse reflectance measure- 
ment configuration to diffusely illuminate a test sample 
located at a sample port, and to receive optical radiation 
reflected from the test sample into receivers associated 
with viewing ports of the integrating sphere. Convention- io 
al colorimeters are often of reverse geometry, that is, 
with the illumination beam impinging directly on the 
sample and the detection path receiving light from the 
wall of the integrating sphere, which integrates the light 
reflected by the sample. As will be more fully appreciat- 15 
ed hereinbelow, the present invention generally is not 
compatible with such reverse geometry; thus, the termi- 
nology used herein applies to the "n on -reverse" geom- 
etry described hereinabove according to a diffuse re- 
flectance measurement configuration. 20 
[0053] As used herein, a port generally refers to a re- 
gion of the integrating sphere in which the highly reflec- 
tive, optically diffuse inner surface is absent, and typi- 
cally includes an aperture formed through the inner wall. 
A colorimeter integrating sphere includes a sample port 25 
and one or more viewing ports, and, as described here- 
inbelow, may also include a specular exclusion port 
(SEP) and/or a reference port. 

[0054] Generally, a viewing port has an associated re- 
ceiver and is characterized by a viewing beam repre- 30 
senting the ray bundle of optical radiation received by 
the associated receiver directly from optical radiation re- 
flected by the sample. The areal cross section of the 
viewing beam of a receiver at the associated viewing 
port may be less than or equal to the overall cross-sec- 35 
tional area of the viewing port itself, where the port area 
is greater than the receiver area, the region of the port 
surrounding the receiver portion typically has low reflec- 
tivity. 

[0055] A ray viewing angle refers to the angle be- -*o 
tween a ray of the viewing beam and the normal to the 
sample surface where the ray intersects the sample sur- 
face. A viewing beam plane refers to a plane defined by 
a ray in the viewing beam and the normal to the sample 
surface at the intersection of the sample surface and the 45 
ray, An azimuthal angle between two viewing beams is 
represented by the angle, in a plane perpendicular to a 
sample normal, between two viewing planes of the re- 
spective viewing beams 

[0056] Generally, a viewing beam may include rays 50 
which deviate from each other (i.e., are not parallel) 
within some range (e.g., the incorporated CIE publica- 
tion prescribes that the angle between the viewing beam 
axis and any ray of the viewing beam should not exceed 
5°), thus resulting in a finite range of azimuthal angles 55 
of the viewing rays relative to a given plane, as well as 
a finite range of viewing angles for the viewing beam. 
Since, however, a viewing beam is typically symmetric 


about a viewing axis (i.e., the central axial ray of the 
viewing beam), this viewing axis is typically used for de- 
scribing the (effective) viewing angle for the viewing 
beam as well as the (effective) azimuthal angle relative 
to the viewing beam. 

[0057] Also as used herein, generally for SCE mode, 
a second port is sometimes said to be opposite relative 
to a first port (also referred to the first port having an 
opposing port) if a mirror image beam of the first port's 
viewing beam mirrored from the sample surface (i.e., 
each ray of the ray bundle specularly reflected by the 
sample surface) is substantially overlapped by (e.g., en- 
compassed by) the second port such that the specular 
component of the first port is completely or effectively 
excluded. Stated alternatively, the second port encom- 
passes substantially the entire region from which optical 
radiation specularly reflected from the sample surface 
into the viewing beam of the first port would originate if 
the second port were not there (i.e., if the region were 
diffusely scattering). Stated yet another way, the second 
port is located at the portion of the integrating sphere 
wall corresponding to substantially all specular (regular) 
components for the first port. 

[0058] Accordingly, two ports are said to be opposite 
each other if the first port is opposite the second port 
(as described) and the second port is also opposite the 
first port such that the mirror image beam of the second 
port's viewing beam mirrored from the sample surface 
is substantially overlapped by the first port. It is noted 
that because a port's receiver area may be smaller than 
the port's area, il two ports are opposite each other, it 
does not necessarily follow that the viewing beams view 
overlapping sample surface regions or that the viewing 
beams have equal viewing angles: the mirror image of 
each viewing beam may project into the extra-receiver 
region of the opposing port, and the extra-receiver re- 
gion of the port(s) may be of sufficient area to allow for 
differences in viewing angles and/or viewed sample sur- 
face regions. For instance, adjacent, non-concentric (e. 
g., non-overlapping) sample surface regions may be 
viewed by ports which are opposite to each other and 
have the same viewing angle; or, a common, overlap- 
ping surface region may be viewed by ports which are 
opposite to each other and have slightly different view- 
ing angles. 

[0059] It may be understood in accordance with this 
terminology that a second port may be opposite relative 
to a first port but the first port may not be opposite to the 
second port: the viewing beam of the second port mir- 
rored from the sample surface may not be substantially 
overlapped by the first port, whereas the viewing beam 
of the first port mirrored from the sample surface may 
be substantially overlapped by the second port. For in- 
stance, the first port and the second port (i.e., their view- 
ing planes) may be azimuthally displaced by about 1 80° 
but with unequal viewing angles such that the second 
port encompasses a region of the integrating sphere in- 
ner surface from where the regular component for the 
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first port receiver would originate but the viewing angle 
of the second port is such that the first port is not located 
at the region from where the specular component forthe 
first port arrives. Alternatively, the first and second ports 
may be azimuthally displaced by about 180° with equal 
viewing angles, but viewing non-concentric (e.g., non- 
overlapping) sample surface regions, such that the sec- 
ond port encompasses a region of the integrating 
sphere inner surface from where the regular component 
for the first port receiver would originate but the viewed 
sample region displacement is such that the first port is 
not located at the region from where the specular com- 
ponent for the first port arrives. 

[0060] In another illustrative alternative, two ports 
may have any respective combination of viewing angles 
(including equal viewing angles), and may be azimuth- 
ally displaced by any angle not equal to about 1 80° with 
the first port's projected beam substantially overlapped 
by the second port the ports thus viewing non-concen- 
tric {e.g. ; non-overlapping) surface regions of the sam- 
ple. 

[0061] It also follows from this terminology that a sec- 
ond port is said to be non-opposite to a first port if the 
first port's viewing beam mirrored from the sample sur- 
face (i.e., the projection of the first port's viewing beam) 
is not substantially overlapped by the second port, the 
first port viewing beam having a not insubstantial spec- 
ular component In accordance wrth this general termi- 
nology lor describing oppositely disposed ports, it also 
follows that two ports are non -oppositely disposed if nei- 
ther port is opposite relative to the other port. For in- 
stance, the ports (i.e., their viewing planes) may be dis- 
placed by an azimuthal angle different from 180° and 
have any combination of viewing angles provided nei- 
ther port's viewing beam projection is substantially over- 
lapped by the other port. Alternatively, it may be appre- 
ciated that two non-oppositely disposed ports (i.e., their 
viewing planes) may nevertheless be azimuthally dis- 
placed by about 1 80° if, for example, they have suffi- 
ciently different viewing angles and/or they view suffi- 
ciently non-concentric (e.g non-overlapping) sample 
regions, such that the projection of each beam is not 
substantially overlapped by the other port. 
[0062] It is understood that the foregoing description 
of spatial relationships between ports {and their viewing 
beams) is a general one which depends on the relative 
orientations ol the viewing beams with respect to the 
sample plane (e.g. , their respective viewing angles and 
viewing regions, and their relative azimuthal displace- 
ment), and which does not depend on a specific inte- 
grating sphere geometry or on a predetermined relation- 
ship of the viewing beams to each other or to the inte- 
grating sphere geometry. 

[0063] Typically, however, and in accordance with a 
preferred embodiment of the invention described here- 
mbelow, each viewing port has a viewing beam that is 
directed towards the sample along a viewing axis about 
which the viewing beam is symmetric and which inter- 


sects the sample plane at a common point which is typ- 
ically also the point of intersection of the sample plane 
by a normal thereto which is a central axis of the inte- 
grating sphere (assuming the integrating sphere has a 

5 spherical cavity, this central axis passes through the 
center of the spherical cavity and the center of the sam- 
ple port) Such symmetry of the viewing beams with re- 
spect to a common axis simplifies certain descriptions 
of relationships between or among ports. For instance, 

to if two ports have equal viewing angles and are azimuth- 
ally displaced by about 180°, then they are opposite 
each other It is understood, however, that the present 
invention is not limited to ports having such spatial sym- 
metry with respect to a common axis which is symmetric 

1 $ relative to the integrating sphere cavity. It is also under- 
stood that the foregoing terminology is simply a chosen 
convention for clarity of exposition, and that there are 
other ways of describing the spatial relationships be- 
tween or among ports and their viewing beams. 

20 [0064] Referring now to FIGS. 1 A-1 E there is shown 
an integrating sphere 1 according to an embodiment of 
the present invention. More specifically: FIG. 1 A depicts 
an isometric view, with certain features of the receivers 
exposed for clarity, of an integrating sphere according 

25 to an embodiment of the present invention; FIG. 1 B de- 
picts a plan (top) view, from the receiver side, of the in- 
tegrating sphere, also with certain features of the receiv- 
ers exposed for clarity; FIG. 1 C is a cross-sectional view 
of the integrating sphere along line IC-IC of FIG. 1B; 

30 FIG. 1D is a cross -sectional view of the integrating 
sphere along line ID-ID of FIG. 1B; and FIG. 1E is a 
cross-sectional view ofthe integrating sphere along line 
IE-IE of FIG. 1D. 

[0065] In more detail, integrating sphere 1 includes 
35 two halves to facilitate construction: the two halves may 
be machined properly to fit one within the other, and ap- 
propriately secured with standard fastening mecha- 
nisms. Integrating sphere 1 includes a cavity having a 
highly reflective, optically diffuse surface la illuminated 
<*o with a light source 2 (lamp) which may be coupled to the 
integrating sphere 1 in a conventional way using an en- 
trance port 3 (aperture in the integrating sphere). Power 
to the lamp is supplied via lamp leads 32a, 32b, and 
32c By way of example, in an embodiment of the inven- 
ts lion, the light source 2 may be a pulsed lamp of high 
intensity, short duration, and with a full "white" spectrum, 
such as a pulsed Xenon lamp. The effect is to diffusely 
illuminate sample 6 at port 7, in a conventional way 
[0066] In the present embodiment, lamp 2 is external 
so to the integrating sphere 1 cavity, housed in a lamp cav- 
ity 30 adjoined to integrating sphere 1 Lamp 2 may al- 
ternatively be placed at least partially internal the cavity 
of integrating sphere 1 , and may be placed substantially 
internal to the integrating sphere cavity to achieve the 
55 following advantages: optical flux efficiency, mechanical 
simplicity, small size, and reduction of port apertures 
which allows a smaller integrating sphere 1 to be used 
for a given sample port 7 size while conforming to stand- 
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ards for integrating sphere design. Also ; in accordance 
with conventional practice, the lamp may be external to 
the sphere and projection optics (e.g., lens, etc.) may 
be used to relay or project flux Irom the lamp through 
the entrance port and to a spot at the far side of the in- 
tegrating sphere interior. 

[0067] A baffle 4a with highly reflective, optically dif- 
fuse surface is used in a conventional way to block light 
rays from directly illuminating the sample 6 {shown in 
FIGS. 1C and 1D, only) from the lamp, or from the en- 
trance port 3 if used. Similarly, baffle 4b prevents light 
rays originating at entrance port 3 or lamp 2 from directly 
illuminating portions of the sphere surface from where 
specular flux for the SCI receivers originates. 
[0068] As shown, diffusely illuminated sample 6 is 
viewed by multiple optical receivers 8a-d (i.e., four re- 
ceivers in the present embodiment), each of which re- 
ceives a portion of optical radiation reflected from sam- 
ple 6 and provides it to a sensor or detector used to an- 
alyze the spectral content of the received optical radia- 
tion. More particularly shown are multiple viewing ports 
including specular-component-excluded (SCE) port 
11a, SCE port 11b, specular-component-included (SCI) 
port 11c, and SCI port 11 d Each port has an associated 
receiver comprising associated receiver optics (shown 
exposed) according to the present embodiment: SCE 
port 11a has a receiver 8a including aperture stop 22a, 
lens 24a, and fiber 17a; SCE port 11b has receiver 8b 
including aperture stop 22b, lens 24b, and fiber 17b; 
SCI port 11c has receiver 8c including aperture stop 
22c, lens 24c, and fiber 17c; SCI port 11 d has a receiver 
Bd including aperture stop 22d, lens 24d, and fiber 17d. 
Each receiver 8a-d is directed at sample port 7 along a 
corresponding one of viewing axes 26a, 26b, 26c, and 
26d, which according to the present embodiment, con- 
verge to a common point of intersection at the surface 
of sample 6. It is understood that actual components of 
the receivers may differ, depending on design criteria, 
applications, preference, etc. 

[0069] The optical receivers 8a-d of the present em- 
bodiment are located at a same predetermined viewing 
angle from the sample normal (less than 10° to comply 
with standards forcotorimetry, B° in the present embod- 
iment) and each has its own associated receiver viewing 
port 11 a-d in the integrating sphere 1 . For each viewing 
mode (i.e., SCE and SCI), the receivers have two sub- 
tense angles, corresponding to two sample area sizes. 
The optical receivers 8a-d and their respective receiver 
viewing ports 11 a-d are displaced azimuthally, thereby 
advantageously maintaining the same predetermined 
viewing anglefrom the sample normal, and the azimuth- 
al displacements are chosen to conveniently fit optical 
receivers 8a-d (and their associated viewing ports 11a- 
d), each designed with a combination of chosen param- 
eters. The parameters include, but are not limited to, the 
measured size of the sample surface, the subtense an- 
gles of the receivers, and the inclusion (SCI) or exclu- 
sion (SCE) of the specular-reflected light Additional and 


non-exclusive parameters (not used in the present em- 
bodiment) include multiple viewing angles, and different 
viewing regions of the sample surlace (e.g.. non-over- 
lapping, non-concentric). 

5 [0070] Integrating sphere 1 includes one SCE mode 
receiver and one SCI mode receiver for each of two dif- 
ferent measured areas-of-view (four receivers total). 
The two SCE receivers 8a and 8b, having viewing axes 
26a and 26b which intersect the sample at a common 

to point, have equal viewing angles and are azimuthally 
displaced by 1 B0° , and are thereby opposite each other. 
Further, SCE ports 11a and 11b are sized appropriately 
to exclude substantially all specular rays for the respec- 
tively opposing associated SCE receivers 8b and 8a. 

75 SCI receivers 8c and 8d are placed out of the plane de- 
fined by the viewing beams of SCE receivers 8a and 8b, 
and also at the same predetermined viewing angle from 
the common sample normal located at the intersection 
of the sample by the viewing axes ; such that the spec- 

20 ular component is provided by the inclusion of the inte- 
grating sphere surface (no ports) at the regions inter- 
sected by the respectively projected SCI receiver view- 
ing beams. 

[0071] As described, in the embodiment of the inven- 
ts tion illustrated in Figures 1A-1E, each SCE port is de- 
signed to exclude substantially al! specular components 
for the opposing SCE receiver. Such a shared arrange- 
ment of SCE/viewmg ports advantageously reduces the 
total port area required to implement a plurality of SCE 
30 ports. It may be appreciated, however, that alternative 
embodiments of the invention may include a separate 
aperture (port) which does not have an associated re- 
ceiver and which is appropriately sized and located op- 
posite to an SCE receiver to exclude the specular com- 
35 ponent origin of the reflected light. Such an aperture is 
common practice which is known as a specular exclu- 
sion port (SEP, also referred to as a light trap), and gen- 
erally refers to a portion of the integrating sphere's inner 
surface which does not reflect light, but substantially ab- 
40 sorbs it, and which is opposite to an SCE port receiver. 
[0072] As with frequent conventional practice, inte- 
grating sphere 1 preferably includes an added receiver, 
having associated reference port 16, which provides a 
measurement of the illumination which is not a direct re- 
45 flection from sample 6 and preferably not directly inci- 
dent from lamp 2 or lamp port 3. The viewing beam re- 
ceived via reference port 16 is referred to as a reference 
beam, and can be used to correct or to control the lamp 
2 fluctuations and to compensate for the influence of the 
so sample 6 reflectance on the integrating sphere 1 illumi- 
nation In FIGS. 1A-1D, reference port 16 location and 
its associated receiver characteristics (e.g. , viewing axis 
orientation, subtense angle) are such that only light dif- 
fusely reflected from optically diffuse surface 1a of inte- 
55 grating sphere 1 is received. As shown, in order to fa- 
cilitate common orientation of optical fibers for the 
present embodiment, the reference beam is convenient- 
ly redirected by fold mirror 36 into an optical fiber (not 
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shown) coupled to reference fiber mount 34. It is appre- 
ciated that for the current invention, this reference path 
is not considered or counted as one of the multiple 
measurement paths. 

[0073] The spectral content of the optical radiation 
collected (received) by each of the multiple receivers is 
analyzed by any of a variety of conventional means, 
such as filters or spectroscopic optics and appropriate 
signal processing (not illustrated). Preferably, the optical 
radiation collected (received) concurrently (in parallel) 
by the multiple optical receivers 8a-d is detected (i.e., 
converted from an optical to an electrical signal) in par- 
allel for each receiver and further, is also detected in 
parallel spectrum-wise (i.e., for each receiver, the com- 
plete spectrum is detected in parallel). In addition, as 
more fully described hereinbelow, the optical radiation 
received by the multiple optical receivers 8a-d is detect- 
ed substantially simultaneously. Analysis of the detect- 
ed signals may be performed, for example, in order to 
condition the detected signal and calculate the sample's 
color using standard formulae, as in the incorporated 
CIE reference. For clarity, it is noted that as used herein, 
receiving optical radiation is distinguished from detect- 
ing optical radiation: the former is used to refer to optical 
radiation scattered/reflected from the sample surface 
being coupled into (accepted by) a receiver whereas 
the latter is used to refer to received optical radiation 
being sensed (e.g., converted to an electrical signal) by 
a detector 

Moreover, as used herein ; receivers (or ports) are said 
to concurrently receive optical radiation when optical ra- 
diation scattered/reflected from the sample impinges on 
the receivers in parallel; this concurrent reception does 
not mean that the concurrently received optical radiation 
is necessarily also detected concurrently or in parallel, 
although, as described hereinabove and more fully 
hereinbelow, such concurrent or parallel detection is 
generally preferable. 

[0074] tn a preferred embodiment of the present in- 
vention, such parallel detection is implemented by a sin- 
gle spectrometer with a two dimensional detector array 
and a segmented entrance slit and a single diffraction 
grating, as described by Palumbo et al. in commonfy as- 
signed U.S. application Serial No. 09/041,233, entitled 
"Concentric Spectrometer", filed March 12, 1998, and 
which is incorporated by reference herein. Each seg- 
ment of the slit is illuminated by a corresponding receiv- 
er path, which may be accomplished with fiber optic light 
guides 1 7a-1 7d. Thus, the multiple optical receivers 8a- 
8d can be conveniently and advantageously detected 
simultaneously using a single common spectrometer 
Additionally, the reference beam may also be advanta- 
geously detected and processed in parallel by such a 
multi-channel spectrometer it may be appreciated, 
however, that alternative apparatuses and/or methods 
may be implemented for concurrently, but not necessar- 
ily precisely simultaneously, detecting the optical sig- 
nals received in parallel by the different SCI/SCE receiv- 


ers. For instance, signal detection may be timB multi- 
plexed among tha channels. Alternatively, even where 
parallel detectors are used, the channels need not be 
synchronously sampled; e.g., each channel may be in- 
$ dependency gated and/or have a different sampling rate 
and/or sampling time. 

[0075] Referring now to FIG. 2A, there is illustrated a 
cut-away view of schematic integrating sphere 1 with 
schematic depictions of ray bundles 38a-38d for corre- 

io spending receivers 8a-8d and associated ports Ha- 
nd so that the relationship among the viewing beams 
of a preferred embodiment may be visualized Also, re- 
ferring to FIG. 2B, placed in relation to FIG. 2A, there is 
shown a projection onto a plane parallel to the sample 

15 surface of receiver view ports 11a-11d, viewing axes 
26c and 26d (and their projections) of SCI ports 1 1 c and 
11d, and viewing axes 26a and 26b of SCE ports 11a 
and 11b, so that the mutual relationships of the ports 
and viewing axes at the rear (i.e. , top portion away from 

20 sample port 7) of the integrating sphere may be more 
easily visualized. It is noted that in FIGS. 2A and 2B, 
the schematic depiction of ray bundles preserves the 
general spatial orientation, but does not preserve the 
relative sizes, of viewing beams and ports shown in 

25 FIGS. 1A-1E. Also identified for reference in FIG. 2B 
are: an example of an azimuthal displacement angle 12 
between SCI ports 11c and 1 1d (i.e., angle between the 
viewing planes); common sample normal 10 located at 
the intersection of the sample by the viewing axes 26a- 

30 d; circle 9 defined by the projection of the points of in- 
tersection of the viewing axes at the same viewing angle 
and their corresponding viewing ports; and central 
points 18 of origination of specular inclusion viewing 
beams at the rear (i.e., internal surface away from the 

35 sample port) of the integrating sphere 1, as would be 
reflected from the specular reflecting su rface of the sam- 
ple 6. FIG. 2A and 2B together show the relationship 
between the ports and the specular components of the 
beams after reflecting off the sample. 

40 [0076] Accordingly, it is appreciated that in accord- 
ance with the present invention, FIGS. 1A-1E illustrate 
an embodiment of an integrating sphere having multiple 
viewing ports, with all of the viewing ports have equal 
viewing angles, the two SCI ports having different sam- 
e's pie areas of view, and the two SCE ports also have two 
different sample areas of view Advantageously, the 
SCE ports are disposed opposite each other such that 
each excludes the specularcomponents for the receiver 
of the other, thus reducing the overall port area of the 

50 integrating sphere. 

[0077] It is appreciated that various alternative imple- 
mentations of the present invention are possible based, 
as described above, on selection of various parameters 
including specular component types (i.e., SCI mode 

55 and/or SCE mode), number of ports, viewing angles, az- 
imuthal displacements, area-of-view for each port, sub- 
tense angles, and viewed sample region for each port 
Development of a given design may be dependent not 


10 


19 


EP 0 964 244 A1 


20 


only on certain physical constraints or guidelines, but 
also on the application or market. For instance, in some 
applications it is desireable to have a large areaof-view 
to measure a substantial portion of the sample that pro- 
vides an average color ol a surface that has some var- 
iation using a single measurement. It may alternatively 
or additionally be desireable to have a very small area- 
of-view to measure a sample that is of small dimension, 
or a small portion of a multi-colored surface such as a 
printed pattern or a color bar on a proof sheet, or even 
to measure the small scale variations of a larger colored 
surface. Having substantially different, large and small, 
area-of-views in the same colorimeter may also be gen- 
erally desireable in order to provide a single integrating 
sphere having utility for many applications (i.e., multi- 
purpose) or for detecting variations in a sample. 
[0078] It is understood that the maximum number and 
size of ports is limited by the sphere diameter which, in 
order to comply with existing standards, cannot have a 
total port arBa (sum of all apertures) that exceeds a cer- 
tain percentage (3 to 5%, depending on the standards 
of choice) of the total internal surface area of the sphere. 
As also is known, the sample port must be slightly larger 
than the overall region viewed by the receivers to allow 
for sample translucency (according to existing stand- 
ards) and to allow for alignment tolerances. 
[0079] The azimuth angles typically are chosen to ad- 
equately separate the viewing ports from one another 
and from portions of the sphere comprising the origins 
of specular light for the SCI receivers. These origins of 
specular light are areas of the sphere surface that are 
opposite their respective SCI receiver apertures as mir- 
rored from the sample surface, and are of a size that 
includes preferably all rays that the receiver optics col- 
lect by such specular reflection from the sample surface. 
No ports should intrude those portions of the sphere sur- 
face so described. Light traps (SEP ports) or other SCE 
ports used to remove the specular origin for SCE receiv- 
ers must be of sufficient size to exclude preferably all 
rays that the receiver optics would collect by specular 
reflection from the sample surface. 
[0080] The size of the receiver ports, specular exclu- 
s on ports and specular inclusion origins required are 
dependent on several parameters of each respective re- 
ceiver design, including: the sample area-of-view size, 
the receiver subtense angle, the aperture and local con- 
jugate positions of a beam forming optic if used (such 
as a lens), aberration characteristics of the beam form- 
ing optic, margin for each beam to ports (respective re- 
ceiver aperture and specular exclusion) as prescribed 
by existing standards and/or alignment tolerances, size 
of the integrating sphere, etc. 

[0081] As described for the hereinabove embodi- 
ment, there is an advantage in opposing SCE ports such 
that they each effectively act as a specular exclusion 
port for the receiver of the other SCE port. Such an ar- 
rangement reduces the number of ports required for a 
given number of receivers, and allows more receivers 


of given parameters to be used in a sphere of the same 
size. 

[0082] In the hereinabove embodiment, the receivers' 
axes are at a same predetermined angle from the sam- 

5 pie normal axis, and converge to a common point on the 
sample surface, the point forming the center ol the sam- 
ple port aperture For certain applications, however, 
there may be utility in having receivers at different an- 
gles from the sample normal axis and/or not converging 

io to a common point on the sample 

[0083] It may be appreciated, therefore, that there are 
many possible variations for implementing an integrat- 
ing sphere in accordance with the present invention In 
more detail, for example, although SCE ports 11a and 

15 11 bare shown opposite each other, as described, alter- 
natively they may be positioned non-opposite each oth- 
er (i.e., such that neilher port is opposite the receiver of 
the other port), with each SCE port's receiver having an 
opposing SEP to exclude the specular component (e.g. , 
(j) SCE ports azimuthally displaced by about 180° but 
with unequal viewing angles, or (ii) SCE ports azimuth- 
ally displaced by an angle not equal to about 1 80° and 
having any respective combination of viewing angles, 
including equal viewing angles). 

25 [0084] Alternatively, the illustrative integrating sphere 
of FIGS. 1A-1E may include two additional SCE ports 
which are opposite to each other (or a single additional 
SCE port with opposing trap). For example, relative to 
opposing SCE ports 11a and 11b, the additional oppos- 

30 ing SCE ports (or additional SCE port and opposing 
trap), may be: (i) azimuthally displaced by about 0° (or, 
equivalent^, by 180°) but at different viewing angles, 
each one of the additional SCE ports having any general 
viewing angle and/or area-of view, or (ii) displaced azi- 

35 muthally by an angle not equal to about 0° (or equiva- 
lent^, 180°) and having any viewing angles, including 
viewing angles equal to each other and to those of SCE 
ports 11a and 11b. 

[0085] Additionally, it may be appreciated that there 

40 are myriad implementations possible with respect to ori- 
entation and arrangement of SCI ports. For instance, 
SCI ports 11c and 11d alternatively may be displaced 
by different azimuthal angles (e.g., 90°) and/or disposed 
at different viewing angles from each other and/or mod- 

45 ified to have the same viewing area. Further, one or 
more additional SCI ports may be added at any appro- 
priate locations on the integrating sphere, 
[0086] In these arrangements of two or more SCE 
ports and/or two or more SCI ports, providing azimuthal 

so displacement (e.g . of about 90') between or among 
SCE ports and/or between or among SCI ports may be 
uselul for measuring and/or accounting for various ap- 
pearance or surface characteristics (e.g., striations, tex- 
ture, etc.) of the sample (e.g., fabric, weaves, emboss- 

55 ings, etc.) which may give rise to azimuthally anisotropic 
reflectance. 

[0087] As an additional example of variations within 
the purview of the present invention, although the em- 


11 


21 


EP 0 964 244 A1 


22 


bodiment and illustrative variations described herein- 
above includes all viewing beam axes converging to a 
common point at the sample, alternative embodiments 
may be implemented wherein viewing axes of different 
viewing beams do not all converge onto a common 5 
point. For instance, viewing axes may intersect the sam- 
ple at different locations and the corresponding viewing 
beams may view overlapping sample regions (e.g., a 
larger viewing area of a first viewing beam encompass- 
ing a smaller viewing area of a second viewing beam, to 
or may view two viewing areas each viewing both a com- 
mon and a separate viewing region) or non-overlapping 
sample regions, Each sample region may be viewed by 
more than one viewing beam. For purposes of clarity of 
exposition, consider the following illustrative port con- ?5 
figurations having non-overlapping sample viewing ar- 
eas: 

(1) An SCI port opposing the receiver (viewing 
beam) of an SCE port which does not oppose the 20 
receiver (viewing beam) of the SCI port. As a first 
example, referring to FIGS. 3A and 3B which show 
simplified schematic cross-sectional and top views, 
respectively, of an integrating sphere 1 with sample 
port 7 and central axis 68, SCI port 60 and SCE port 25 
62 (i.e., their viewing planes) may be azimuthally 
displaced by about 180* but with unequal viewing 
angles (i.e., the respective angles between each 
one of viewing axes 60b and 62b and each corre- 
sponding sample normal where the respective 30 
viewing axis intersects the sample) such that SCI 
port 60 encompasses a region of the integrating 
sphere inner surface from where the regular com- 
ponent for the the viewing beam 62a of the receiver 
of SCE port 62 would originate but SCE port 62 is 35 
not located at the region of the integrating sphere 
surface from which the specular component for the 
viewing beam 60a of the receiver of SCI port 60 
originates. More specifically as schematically 
shown by SCI specular viewing axis 60c (which is 40 
the specular reflection of SCI viewing axis 60b) and 
SCI bounding specular rays 60d (which are the 
specular reflection of the outer rays of viewing beam 
60a), the origin of the specular component for SCI 
port 60 is located on a diffusely and highly reflective 45 
inner surface of integrating sphere 1. Conversely, 
as schematically depicted by SCE specular viewing 
axis 62c (which is the specular reflection of SCE 
viewing axis 62b) and SCE bounding specu lar rays 
62d (which are the specular reflection ol the outer 50 
rays of viewing beam 62a), SCI port 60 encompass- 
es the region from where the specular component 
for SCE port 62 would originate. In this example, 
SCI port 60 and SCE port 62 are shown as viewing 
non-overlapping areas of view 60e and 62e, re- 55 
spectively. of the sample surface. 

Alternat vely. as a second example, referring to 
FIGS. 4Aand 4B SCI port 60 and SCE port 62 (their 


viewing planes) may be azimuthally displaced by 
any angle not equal to about 1 80°, with SCI port 60 
and SCE port 62 having any respective combination 
of viewing angles (within the limits of the integrating 
sphere geometry), including equal viewing angles, 
with the projection of the SCE viewing beam reflect- 
ed from the sample surface impinging on the SCI 
port More specifically, as for the previous example, 
as schematically shown by SCI specular viewing 
axis 60c (which is the specular reflection of SCI 
viewing axis 60b), the origin of the specular com- 
ponent lor SCI port 60 is located on a diffusely and 
highly reflective inner surface of integrating sphere 
1. Conversely, as schematically depicted by SCE 
specular viewing axis 62c (which is the specular re- 
flection of SCE viewing axis 62b) and SCE bound- 
ing specular rays 62d (which are the specular re- 
flection of Ihe outer rays of viewing beam 62a, SCI 
port 60 encompasses the region from where the 
specular component for SCE port 62 would origi- 
nate. In this example, SCI port 60 and SCE port 62 
are also shown as viewing non-overlapping areas 
of view 60e and 62e, respectively, of the sample sur- 
face. 

(2) A second SCE port opposing the receiver (view- 
ing beam) of a first SCE port which does not oppose 
the receiver (viewing beam) of the second SCE 
port The second SCE port may be opposed by a 
SEP or a third SCE port or a SCI port, various view- 
ing angle and 37 imuthaf angle configurations for the 
first and second SCE ports are possible, directly 
analagous to the SCI port and SCE port of the latter 
example. 

(3) A shared viewing port having multiple non^coax- 
ial receivers. 

As yet a further example of variations within the 
purview of the present invention, the integrating 
sphere may include coaxial receiver paths (i.e., a 
single port with a plurality of receivers). More par- 
ticularly, coaxial receivers can be provided to in- 
crease the number of available receivers. An imple- 
mentation may employ coaxial lenses of different 
focal lengths and correspondingly different diame- 
ters, as would be desired to provide different aroas- 
of-view, and placing them one in front of the other, 
smaller diameters closer to the sample. The larger 
lens(es) would peer around the smaller, the latter 
forming a central obscuration to the larger. The cen- 
tral obscuration can often be tolerated simply as a 
loss in available sample light for the larger lens(es). 
The focus of the smaller lens(es) can be transmitted 
to the analysis means by providing a fold mirror or 
a fiber optic guide or similar, so as to minimize in- 
terference with the larger receiver(s). Ol course, 
curved mirrors may be used instead of the lenses. 
Another implementation for providing coaxial re- 
ceivers employs zone plates: a zone plate with a 
Fresnel pattern is known to have multiple focal 
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lengths, for which a receiver can be used at or near 
two or more foci, using the transmitting/folding tech- 
niques already described. Yet another implementa- 
tion for providing coaxial receivers is by combining 
their axes using boamsplitter(s) as beam combin- s 
ers. The coaxial receivers may be implemented as 
all SCI receivers, all SCE receivers, or a combina- 
tion of SCI and SCE receivers. The specular com- 
ponent for SCE receivers) implemented coaxialfy 
with SCI and/or SCE receivers} may be blocked by io 
another SCE port (coaxial or individual) or by a SEP. 
Implementing coaxial SCE ports coaxially with the 
sample normal provides a plurality of SCE ports 
without the need for any additional pod to block the 
specular components. is 

[0088] By way of example, FIG. 5 schematicaly 
shows an implementation of a coaxial receiver accord- 
ing to an illustrative embodiment of the present inven- 
tion. In this illustrative embodiment, coaxial small area 
receiver 80 and large area receiver 82 sharing viewing 
port 81 are both SCE receivers, and are shown as op- 
posed by an SEP 86 which is schematically shown as 
an absence of a portion of integrating sphere 100 and 
its inner diffuse, highly reflective surface 100a. Small ar- <?s 
ea SCE receiver 80 and large area SCE receiver 82 
have a common receiver axis 88 along which the receiv- 
ers are directed toward sample 90 which is diffusely il- 
luminated by optical radiation indirectly incident from 
lamp 1 02 via integrating sphere 1 00 Small area receiv- JO 
er 80 includes lens 80a optically coupled to optical fiber 
80b, whereas large area receiver 82 includes lens 82a 
optically coupled to optical fiber 82b. Lens 82a includes 
a central obscuration area 82c to prevent receiving op- 
tical radiation from the small area receiver, thus ensur- 
ing that large area receiver 82 only receives optical ra- 
diation directly from sample 90. Also shown for refer- 
ence and clarity of exposition are schematic depictions 
of: sample normal 87; specular receiver axis 88a corre- 
sponding to the specular reflection of receiver axis 88, *o 
small area viewing beam 80e; large area viewing beam 
82e; bounding small area specular rays 80f which cor- 
respond to the outer boundaries of the specular rays for 
small area viewing beam 80e; outer large area specular 
rays 82f which correspond to the specular rays for the 
outer boundaries of large area viewing beam 82e; and 
inner large area specular rays 82g which correspond to 
the specular rays for the inner boundaries of large area 
viewing beam B2e From these reference lines, it can 
be seen that in this implementation small area receiver so 
80 and large area receiver 82 view concentric areas of 
sample 90 It is understood that coaxial SCE receivers 
may alternatively be opposed by another sample view- 
ing port such as an SCE port (e.g., itself having one or 
more SCE receivers). It is also understood that more 55 
generally, an integrating sphere in accordance with the 
present invention may include one or more ports each 
having coaxial receiver arrangements, and that addi- 


tional ports having single receivers may also be included 
in combination with one or more ports having coaxial 
receivers. 

[0089] These foregoing variations with respect to 
SCE and SCI port arrangements are merely illustrative 
of the many possible variations according to the present 
invention with respect to azimuthal displacement, area- 
of-view, viewing angle, and location -of -view (i.e., loca- 
tion of area-of-view as may be defined by the sample 
intersection by the viewing axis) of an integrating sphere 
having two or more SCI ports, or at least one SCI port 
and at least one SCE port, or two or more SCE ports. It 
is understood that, as described above, selection of a 
particular configuration may depend on various factors, 
such as intended application(s) (e.g. : colorimetry, gloss, 
texture, etc.) and measurement standards. 
[0090] As may be appreciated from the foregoing de- 
scription, and as may be further appreciated by practic- 
ing the present invention, an integrating sphere accord- 
ing to the present invention includes myriad features, 
advantages, and attendant advantages. For instance, 
advantages of receiving a plurality of viewing beams in 
parallel include: multiple data sets may be provided by 
a single measurement step, no moving parts or time de- 
lay required to change modes (e.g., SCE, SCI, different 
areas of view for SCE and/or SCI), electrical power is 
efficiently used (e.g., reduced time needed to power 
lamp compared to multiple measurements, no parts 
need be electromechanically moved), component sizes 
may be small, and overall structure will be durable (e 
g., from no moving parts). The presence of both SCI and 
SCE modes for a given area-of-view can quickly and 
conveniently provide an estimate of the gloss of the 
sample surface. The presence of multiple areas-of-view 
provides capability for quickly measuring or estimating 
sample uniformity and/or sample translucency. Addi- 
tionally, various azimuthal angles between SCE and/or 
SCI provide the ability to extract other appearance pa- 
rameters (in addition to the color) from the data sets ac- 
quired, such as surface flatness or texture. Having a si- 
multaneous reference measurement also provides op- 
timum correction These features and advantages pro- 
vide substantial benefits particularly well suited for port- 
able instruments, as well as for convenient non-portable 
applications. 

[0091] Although the above description of illustrative 
embodiments of the invention, and various modifica- 
tions thereof, provides many specificities, these ena- 
bling details should not be construed as limiting the 
scope of the invention, and it will be readily understood 
by those persons skilled in the art that the present in- 
vention is susceptible to many modifications, adapta- 
tions, and equivalent implementations without departing 
from this scope and without diminishing its attendant ad- 
vantages. It is therefore intended that the present inven- 
tion is not limited to the disclosed embodiments but 
should be defined in accordance with the claims which 
follow. 


13 


25 


EP 0 964 244 A1 


26 


Claims 

1. An integrating sphere, comprising a housing mem- 
ber having a cavity with an optically diffuse and 
highly reflective inner surface, said housing mem- 5 
ber including a sample port where a sample is 
placed, an optical radiation source which provides 
optical radiation directed toward said inner surface 

to diffusely illuminate said sample port, a first port 
disposed in said housing member and directed to- to 
ward said sample port along a first line extending at 
a first angle relative to a first normal to the sample 
at the intersection of said first line and the sample 
surface to receive optical radiation reflected from 
said sample, a second port disposed in said hous- is 
ing member and directed toward said sample port 
along a second line extending at a second angle 
relative to a second normal to the sample at the in- 
tersection of said second line and the sample sur- 
face to receive optical radiation reflected from said 20 
sample concurrently with the reception by said first 
receiver of optical radiation reflected from said sam- 
ple surface, and wherein each of said first and sec- 
ond ports either is (i) an SCI port which receives 
optical radiation, including a specular component, ?s 
reflected from said sample port along the corre- 
sponding said first or second line, or is (ii) an SCE 
port which receives optical radiation reflected from 
said sample port exclusive of specular component, 
said first port and said second port respectively se- 30 
lected from the group consisting of: an SCI port and 
an SCE port located in non-opposite relationship to 
each other, a first SCE port and a second SCE port 
located in opposite relationship to each other, a first 
SCE port and a second SCE port located in non- 35 
opposite relationship to each other, and a first SCI 
port and a second SCI port located in non-opposite 
relationship to each other. 

2. The integrating sphere according to claim 1 wherein 40 
said first and second lines intersect the sample sur- 
face at a common point 

3. The integrating sphere according to claim 1 wherein 
said first and second angles are equal. <s 

4. The integrating sphere according to claim 1 wherein 
said first and second ports respectively are said SCI 
port and said SCE port located in non-opposite re- 
lationship to each other, wherein said housing in- 50 
eludes a second SC! port disposed opposite to said 
SCE port 

5. The integrating sphere according to claim 1 wherein 
saidfirst and second ports respectively are said SCI 55 
port and SCE port located in non-opposite relation- 
ship to each other, wherein said housing includes 

an additional SCE port disposed opposite to said 


SCE port and directed at said sample port along a 
third line extending at a third angle relative to a third 
normal to the sample at the intersection of said third 
line and the sample surface. 

6. The integrating sphere according to claim 1 wherein 
said first and second ports respectively are said first 
SCE port and said second SCE port located in op- 
posite relationship to each other, wherein said first 
and second SCE ports view different sized area-of- 
views of said sample. 

7. A spectrometer apparatus, comprising an integrat- 
ing sphere having a cavity with an optically diffuse 
and highly reflective inner surface, said integrating 
sphere including a sample port where a sample is 
placed, an optical radiation source which provides 
optical radiation directed toward said inner surface 
to diffusely illuminate said sample port, a first port 
disposed in said integrating sphere and directed to- 
ward said sample port along a first line extending at 
a first angle relative to a first normal to the sample 
at the intersection of said first line and the sample 
surface to receive optical radiation reflected from 
said sample, a second port disposed in said inte- 
grating sphere and directed toward said sample 
port along a second line extending at a second an- 
gle relative to a second normal to the sample at the 
intersection of said second line and the sample sur- 
face to receive optical radiation reflected from said 
sample concurrently with the reception by said first 
receiver of optical radiation reflected from said sam- 
ple surface, a detector optically coupled to said first 
and second apertures to sense the optical radiation 
received by the first and second apertures, a proc- 
essor coupled to said detector, and which analyses 
electrical signals representing the optical radiation 
sensed by said detector, and wherein each of said 
first and second ports either is (I) an SCI port which 
receives optical radiation, including a specular com- 
ponent, reflected from said sample port along the 
corresponding said first or second line, or is (ii) an 
SCE port which receives optical radiation reflected 
from said sample port exclusive of specular compo- 
nent, said first port and said second port respective- 
ly selected from the group consisting of: an SCI port 
and an SCE port located in non-opposite relation- 
ship to each other, a first SCE port and a second 
SCE port located in opposite relationship to each 
other, a first SCE port and a second SCE port locat- 
ed in non-opposite relationship to each other, and 
a first SCI port and a second SCI port located in 
non-opposite relationship to each other. 

8. An integrating sphere, comprising a housing mem- 
ber having a cavity with an optically diffuse and 
highly reflective inner surface, said housing mem- 
ber including a sample port where a sample is 
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placed, means for diffusely illuminating said sample 
port, first means for receiving optical radiation re- 
flected from said sample along a first line extending 
at a first angle relative to a first normal to the sample 
at the intersection of said first line and the sample s 
surface, second means for receiving, concurrently 
with the reception of optical radiation by said first 
means, optical radiation reflected from said sample 
along a second line extending at a second angle 
relative to a second normal to the sample at the in- 10 
tersection of said second line and the sample sur- 
face, and wherein each of said first and second 
means either is (I) an SCI receiving means which 
receives optical radiation, including a specular com- 
ponent; reflected from said sample port along the 75 
corresponding said first or second line, or is (ii) an 
SCE receiving means which receives optical radia- 
tion reflected from said sample port exclusive of 
specular component, said first means and said sec- 
ond means respectively selected from the group 20 
consisting of: an SCI receiving means and an SCE 
receiving means located in non-opposite relation- 
ship to each other, a first SCE receiving means and 
a second SCE receiving means located in opposite 
relationship to each other, a first SCE receiving ?s 
means and a second SCE receiving means located 
in non-opposite relationship to each other, and a 
first SCI receiving means and a second SCI receiv- 
ing means located in non-opposite relationship to 
each other. 30 

An integrating sphere, comprising a housing mem- 
ber having a cavity with an optically diffuse and 
highly reflective inner surface, said housing mem- 
ber including a sample port where a sample is 35 
placed, an optical radiation source which provides 
optical radiation directed toward said inner surface 
to diffusely illuminate said sample port a first port 
disposed in said housing member and directed to- 
ward said sample port along a first line extending at 40 
a first angle relative to a first normal to the sample 
at the intersection of said first line and the sample 
surface to receive optical radiation reflected from 
said sample, a second port disposed in said hous- 
ing member and directed toward said sample port 45 
along a second line extending at a second angle 
relative to a second normal to the sample at the in- 
tersection of said second line and the sample sur- 
face to receive optical radiation reflected from said 
sample concurrently with the reception by said first 50 
receiver of optical radiation reflected from said sam- 
ple surface, and wherein each of said first and sec- 
ond ports either is (I) an SCI port which receives 
optical radiation, including a specular component, 
reflected from said sample port along the corre- 55 
sponding said first or second line, or is (ii) an SCE 
port which receives optical radiation reflected Irom 
said sample port exclusive of specular component, 


said first port and said second port respectively se- 
lected from the group consisting of: and SCI port 
and an SCE port located in non-opposite relation- 
ship to each other, an SCI port and an SCE port 
located in non-opposite relationship to each other, 
an SCI port and an SCE port azimuthally displaced 
by an angle not equal to about pi radians, the SCI 
port located opposite to said SCE port, an SCI port 
and an SCE port azimuthally displaced by an angle 
equal to about pi radians, the SCI port located op- 
posite to said SCE port, said first angle not equal to 
said second angle, an SCI port and an SCE port 
azimuthally displaced by an angle equal to about pi 
radians, the SCI port located opposite to said SCE 
port, said SCI port and said SCE port viewing re- 
spective non-overlapping regions of said sample, a 
first SCE port and a second SCE port located op- 
posite to said first SCE port, a first SCE port and a 
second SCE port located in non-opposite relation- 
ship to each other, and a first SCI port and a second 
SCI port located in non-opposite relationship to 
each other. 

10. In a spectrophotometer, a method of measuring op- 
tical radiation reflected from a sample under test, 
the method comprising the steps of: exposing a se- 
lected surface area of said sample under lest to dif- 
fused optical radiation, sensing first optical radiation 
reflected from said sample along a first line extend- 
ing at a first angle relative to a first normal to the 
sample at the intersection of said first line and the 
sample surface, sensing, concurrently with the step 
of sensing said first optical radiation, second optical 
radiation reflected from said sample along a second 
line extending at a second angle relative to a sec- 
ond normal to the sample at the intersection of said 
second line and the sample surface, and wherein 
each of said first and second optical radiation either 
includes a specular component reflected from said 
sample under test along the corresponding said first 
or second line, or excludes any specular compo- 
nents, corresponding to respective ports for includ- 
ing or excluding specular optical radiation, respec- 
tively designated SCI port and SCE port, and se- 
lected from the group consisting of: an SCI port and 
an SCE port located in non-opposite relationship to 
each other, a first SCE port and a second SCE port 
located in opposite relationship to each other, a first 
SCE port and a second SCE port located in non- 
opposite relationship to each other, and a first SCI 
port and a second SCI port located in non-opposite 
relationship to each other. 
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